Abstract. Therapeutic agents targeting HER-2/neu have been intensively addressed over the past decades. Previously, we reported that HER-2 synthetic small interfering RNA (HER-2 siRNA) could suppress the growth of human nasopharyngeal KB tumor xenografts by intratumoral injection with lipidbased nanoparticles; however, complete regression of the tumor was not achieved. In this study, we investigated antitumor activity by RNA interference in combination with paclitaxel (PTX) for KB cells using HER-2 siRNA and HER-2 short hairpin RNA-expressing plasmid DNA (HER-2 shRNA pDNA). Suppression of HER-2 expression by siRNA or shRNA pDNA caused significant reduction of proliferation by inducing apoptosis and enhancing the sensitivity for PTX in HER-2 positive KB cells. Interestingly, an HER-2 antibody trastuzumab could not increase the antitumor effect by PTX in KB xenografts. Combination therapy by intratumoral injection of HER-2 siRNA or HER-2 shRNA pDNA with PTX significantly inhibited the tumor growth of xenografts compared with each therapy used individually. In particular, HER-2 shRNA pDNA plus PTX largely extended the mean survival days compared with HER-2 siRNA plus PTX. Collectively, these findings suggest that HER-2 shRNA-based combined therapy with PTX could be a novel strategy to inhibit the progression of HER-2-positive cancer.
Introduction
The HER-2 proto-oncogene (c-erbB-2/neu) belongs to the epidermal growth factor (EGF) receptor family and has been implicated in malignant transformation (1) . HER-2 is thought to play an important role in tumorigenesis, DNA repair, drug resistance, and metastasis. HER-2 gene expression has been found to be amplified and/or overexpressed in breast (2) , ovarian (3), lung (4), prostate (5), thyroid (6) and pancreatic cancers (7) . HER-2 overexpression induced the down-regulation of p53 protein through the PI3 K/AKT pathway (8) , leading to increased cell proliferation and decreased sensitivity to chemotherapeutic drugs (9) ; therefore, HER-2 has become an important target for cancer therapy.
Interference with HER-2 mRNA translation could be more effective than blockade of the already expressed HER-2 on the cell surface by HER-2 antibody. Specific down-regulation of HER-2 expression in tumors by ribozyme (10) (11) (12) , antisense DNA (13) (14) (15) , small interfering synthetic siRNA nucleotide (siRNA) (16, 17) , plasmid DNA (pDNA) encoding a short hairpin RNA (shRNA pDNA) (18) and antisense RNA/sense DNA hybrid duplexes (19) have been reported. Successful down-regulation of HER-2 will require sustained and high transfection of the therapeutic gene. RNA interference (RNAi) is a post-transcriptional mechanism of gene silencing mediated by cleavage of target RNA. RNAi has potential not only as a tool in biological analysis, but also as an evolutional drug for cancer gene therapy. In RNAi technology, two delivery systems were considered; direct delivery of siRNA, and introduction of shRNA pDNA that will be enzymatically degraded into siRNA. Synthetic siRNAs, which are 21-28 bp small doublestranded RNA, are substrates for the RNA-induced silencing complex.
In a previous study, we reported that HER-2 synthetic small interfering (HER-2) siRNA could suppress the growth of human nasopharyngeal KB tumor xenografts by intratumoral injection with lipid-based nanoparticles (NP) (20) ; however, complete regression of the tumor was not observed. Recently, it has been reported that combination therapy with HER-2 antibody trastuzumab and paclitaxel (PTX) is useful for the clinical treatment of breast cancer (21) (22) (23) . Thus, it was expected that combination therapy with HER-2 siRNA and chemotherapy would be effective; however, it has not been reported in in vivo models. Therefore, in the present study, we evaluated the potential of HER-2 siRNA and HER-2 short hairpin RNA-expressing plasmid DNA (HER-2 shRNA pDNA) using NP delivery to increase the therapeutic efficacy of PTX in HER-2-positive KB cells and tumor xenografts.
Materials and methods
Synthetic siRNA. The stealth RNA interference duplextargeting nucleotides of HER-2 mRNA (HER-2 siRNA) and stealth RNAi Negative Control kit with Medium GC as a control for HER-2 siRNA (Cont siRNA) were synthesized by Invitrogen (Carlsbad, CA, USA). The sequences of HER-2 siRNA were as follows: HER-2 sense, 5'-AAACGUGUCUG UGUUGUAGGUGACC-3'; HER-2 antisense, 5'-GGUCAC CUACAACACAGACACGUUU-3'.
shRNA expressing plasmid DNA. HER-2 shRNA pDNA encoding 21 mer shRNA against HER-2 with a hairpin-loop under the control of the U6 promoter (HuSH 19-21 mer shRNA construct against ERBB2) was obtained from OriGene Technologies, Inc. (MD, USA). The targeted sequences of HER-2 shRNA pDNA was as follows: HER-2 sense, 5'-AGTGAGCACCATGGAGCTGGC-3'; HER-2 antisense, 5'-GCCAGCTCCATGGTGCTCACT-3'. The pRS-shGFP (29) non-effective plasmid (Cont shRNA pDNA, OriGene Technologies, Inc.) was used as a negative control. A protein-free preparation of these plasmids was purified following alkaline lysis using the EndoFree Plasmid Max kit (Qiagen, Hilden, Germany).
Cell culture. Human nasopharyngeal tumor KB cells were supplied by the Cell Resource Center for Biomedical Research, Institute of Development, Aging and Cancer, Tohoku University (Miyagi, Japan). Human cervix epithelial adenocarcinoma HeLa cells were obtained from the European Collection of Cell Culture (Wiltshire, UK). Human lung carcinoma A549 cells were a gift from Oncotherapy Science (Tokyo, Japan). KB and A549 cells were grown in RPMI-1640 medium (Invitrogen) and HeLa cells in Eagle's Minimum Essential Medium (Invitrogen), supplemented with 10% heatinactivated fetal bovine serum (FBS, Invitrogen) and kanamycin (100 μg/ml) at 37°C in a 5% CO 2 humidified atmosphere.
In vitro and in vivo transfection. For in vitro and in vivo transfections of siRNA and shRNA pDNA, we used lipidbased nanoparticles (NP) as previously reported (20, 24) . For in vitro transfection, NP was mixed with 100 pmol siRNA or 2 μg shRNA pDNA in the presence of 50 mM NaCl solution at a charge ratio (+/-) of 3/1. The NP and siRNA or shRNA pDNA complex (nanoplex) was kept at room temperature for 15 min. The nanoplex was diluted with culture medium containing 10% FBS and transfected into cells at a final concentration of 100 nM siRNA or 2 μg/ml shRNA pDNA in the medium.
For in vivo transfection, NP was mixed with 10 μg siRNA or shRNA pDNA in water at a charge ratio (+/-) of 1/1. The nanoplex was kept at room temperature for 15 min. Male BALB/c nu/nu mice (6-8 weeks of age) were purchased from CLEA Japan Inc. (Tokyo, Japan). To generate KB tumor xenografts, 1x10 7 cells suspended in 50 μl RPMI medium were inoculated subcutaneously into the mice. The tumor volume was calculated using the formula, tumor volume = 0.5 x a x b 2 , where a and b are the larger and smaller diameters, respectively. When the average volume of KB xenograft tumors reached about 100 mm 3 , the nanoplex of siRNA or shRNA pDNA was directly injected into xenografts.
Antiproliferative activity. KB, A549 and HeLa cells were seeded in 96-well plates 24 h prior to transfection. Cells at 30% confluence in the wells were transfected with siRNA or shRNA pDNA by NP and then incubated for 72 h. In combined treatment of siRNA or shRNA pDNA with paclitaxel (PTX, Wako, Osaka, Japan), the cells were incubated for 48 h after transfection of siRNA or shRNA pDNA, and then treated with various concentrations of PTX for another 48 h. Cell viability (%) was measured by the WST-8 assay (Dojindo Laboratories, Kumamoto, Japan) as previously reported (25) .
Western blot analysis. KB, A549 and HeLa cells were seeded in a 35-mm culture dish 24 h before transfection. The cells were transfected with HER-2 siRNA or HER-2 shRNA pDNA, and then incubated for 48 h. Cell protein extracts were prepared with sampling buffer containing 1% Triton X-100 in phosphate-buffered saline (PBS), pH 7.4. After they were centrifuged at 10,000 x g for 10 min, the protein concentration of the supernatant was quantitated with the bicinchonic acid protein assay reagent (Pierce, Rockford, IL, USA). For the detection of ß-actin protein, 10 μg protein was separated by 12.5% SDS-PAGE, and for the detection of HER-2 protein, 10 μg protein was separated by 7.5% SDS-PAGE. They were then transferred to a polyvinylidene difluoride (PVDF) membrane (FluoroTrans ® W, PALL Gelman Laboratory, Ann Arbor, MI, USA). Membranes were blocked in PBS containing 0.1% Tween-20 with 5% skimmed milk at 37°C for 1 h. The blot of HER-2 protein was probed with rabbit anti-human HER-2 antibody (Lab Vision, Fremont, CA, USA). Goat anti-rabbit IgG peroxidase conjugate (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was used as a secondary antibody. Blots of ß-actin protein were probed with a mouse anti-human ß-actin IgG peroxidase conjugate [ß-actin (C4) HRP, Santa Cruz Biotechnology, Inc.]. Immunoblots were detected using a SuperSignal West Pico Chemiluminescent Substrate (Pierce).
Caspase 3/7 activities. KB and A549 cells were seeded in a 35-mm culture dish and incubated overnight. Cells at 30% confluence in the wells were transfected with siRNA or shRNA pDNA by NP for 24 h. For measuring caspase 3/7 activity, a homogeneous assay (Caspase-Glo™ 3/7 assay, Promega, Madison, WI, USA) was performed as previously reported (25) .
In vivo therapy. In gene therapy by transfection of HER-2 siRNA or HER-2 shRNA pDNA alone, the nanoplexes of 10 μg siRNA or 10 μg shRNA pDNA per tumor were directly injected into xenografts on days 0, 2 and 4. In the combined therapy of trastuzumab with PTX, trastuzumab (Herceptin, Chugai Pharmaceutical Co., Ltd., Tokyo, Japan) at a dose of 20 mg/kg and PTX at a dose of 5 mg/kg were simultaneously injected i.p. and i.v., respectively, on day 0, 3, 6 and 9. In the combined therapy of HER-2 siRNA or HER-2 shRNA pDNA with PTX, nanoplexes of 10 μg siRNA or 10 μg shRNA pDNA per tumor were directly injected into xenografts on days 0, 3, 6 and 9, and PTX at a dose of 5 mg/kg was injected i.v. on day 1, 4, 7 and 10. Tumor volume and mean survival days were measured. The data are shown as the mean ± SD. Animal experiments were conducted with ethics approval from our institutional animal care and use committee.
Statistical analysis. Statistical differences between different groups were analyzed with one-way analysis of variance on ranks with Tukey-Kramer's post-hoc test. A p≤0.05 was considered significant. For the animal study, statistical comparison was performed by Student's t-test.
Results

Suppression of HER-2 protein by gene knockdown. HER-2
protein is a well-known protein overexpressed in many tumors and is related to apoptosis and cell growth (1) . First, we investigated the expression of HER-2 mRNA in KB, A549 and HeLa cells by Western blot analysis (Fig. 1A) . HER-2 protein was strongly expressed in KB cells, but not detected in A549 and HeLa cells; therefore, in subsequent experiments, we used KB cells as a HER-2 positive cell line, and A549 and HeLa cells as HER-2 negative cell lines.
Next, we confirmed the decreased expression of HER-2 protein by transfecting HER-2 siRNA or HER-2 shRNA pDNA into KB cells. In this study, we used lipid-based nanoparticles (NP) for siRNA and shRNA pDNA transfection as previously reported (20, 24, 26) . When transfected into KB cells, HER-2 siRNA or HER-2 shRNA pDNA strongly inhibited the expression of HER-2 protein, but did not affect the expression of ß-actin (Fig. 1B and C) . Control constructs, Cont siRNA and Cont shRNA pDNA, did not affect the expression either HER-2 or ß-actin protein in the cells.
Antiproliferative activity. We examined cell viability by WST-8 assay 48 h after transfection of HER-2 siRNA and HER-2 shRNA pDNA into KB, A549 and HeLa cells. In the transfection of HER-2 siRNA and HER-2 shRNA pDNA, a decrease of cell viability was significantly observed in KB cells, but not in A549 and HeLa cells ( Fig. 2A and B) . In contrast, Cont siRNA and Cont shRNA pDNA did not affect cell viability in KB, A549 and HeLa cells.
Next, to examine the effect of HER-2 suppression on the activity of apoptosis-associated enzymes, we measured caspase 3/7 activity 48 h after transfection with HER-2 siRNA or HER-2 shRNA pDNA ( Fig. 2C and D) . respectively (p<0.01), whereas did not increase activity in A549 cells. These results suggested that HER-2 siRNA and HER-2 shRNA pDNA induced the inhibition of cell growth via apoptosis in HER-2-positive cells.
In vivo gene therapy in KB tumor xenografts. We evaluated the antitumor effect by direct injection into KB tumor xenografts with the nanoplex of HER-2 siRNA or HER-2 shRNA pDNA. In vivo transfections of siRNA and shRNA pDNA were performed three times as previously reported (20) . In mice treated with HER-2 siRNA, the growth of KB tumors was significantly inhibited on day 5, 7 and 8 compared with mice treated with Cont siRNA (Fig. 3A) . In mice treated with HER-2 shRNA pDNA, growth was significantly inhibited on day 9 and 10 compared with mice treated with Cont shRNA pDNA (Fig. 3B) . The time of tumor suppression by HER-2 shRNA pDNA seemed to be delayed more than that of HER-2 siRNA. However, sustained suppression of tumor growth was not observed in the xenografts after injection of HER-2 siRNA and HER-2 shRNA pDNA. HER-2 activates cell survival pathways, which represents an advantage for tumor cells as they became resistant to chemotherapy-induced apoptosis (8) . Down-regulation of HER-2 expression in tumor cells via activation of the apoptosis pathway will enhance cytotoxicity by chemotherapy; therefore, for complete tumor regression, combination therapy with HER-2 siRNA and chemotherapy was examined.
In vitro combination therapy with PTX. It has been reported that the HER-2 antibody trastuzumab enhances the antitumor activity of PTX against HER-2-overexpressing human breast cancer xenografts (27) , and combination therapy with trastuzumab and PTX has been useful for the clinical treatment of breast cancer (21) (22) (23) . Therefore, we evaluated the in vitro growth inhibitory effect by the combination of HER-2 siRNA or HER-2 shRNA pDNA with PTX. Forty-eight hours after the transfection of siRNA or shRNA pDNA into KB cells, the cells was treated with PTX for another 48 h. Cells transfected with HER-2 siRNA showed 3.2-fold higher sensitivity to PTX (IC 50 =0.3 nM) than those transfected with Cont siRNA (IC 50 =0.97 nM) (Fig. 4A ). Cells transfected with HER-2 shRNA pDNA showed 92.5-fold higher sensitivity to PTX (IC 50 =0.03 nM) than those with Cont shRNA pDNA (IC 50 =2.7 nM) (Fig. 4B ). These data indicated that suppression of HER-2 expression may increase sensitivity to PTX.
Combined therapy for KB tumor xenografts. To determine the optimal dose of PTX to evaluate combination therapy in vivo, PTX was administered at doses of 2, 5 and 10 mg/kg, 4 times at three-day intervals. The tumor suppressive effect by PTX was dose-dependent; 5 mg/kg PTX inhibited the tumor growth of KB xenografts moderately but not at 2 mg/kg (Fig. 5A ). There were no significant differences in mouse body weight changes after PTX administration at doses of 2 and 5 mg/kg; however, body weight at 10 mg/kg PTX significantly decreased as a side effect (Fig. 5B) ; therefore, we decided to use 5 mg/kg PTX for the following combination therapy. First, we investigated whether HER-2 inhibition by trastuzumab enhanced the antitumor activity of PTX for KB tumor xenografts. Trastuzumab was simultaneously i.p. injected at a dose of 20 mg/kg, as previously reported (28), on days 0, 3, 6 and 9 along with PTX; however, trastuzumab treatment alone could not inhibit tumor growth, and the combination with PTX could not significantly enhance the antitumor effect by PTX (Fig. 6) .
Next, we evaluated the efficacy of combination therapy of HER-2 siRNA or HER-2 shRNA pDNA plus PTX in inhibiting the growth of KB tumors. Nanoplexes of 10 μg HER-2 siRNA or HER-2 shRNA pDNA per tumor were directly injected into xenografts four times (days 0, 3, 6 and 9). PTX was intravenously administered at a dose of 5 mg/kg 24 h after the injections of nanoplexes (days 1, 4, 7 and 10). HER-2 siRNA or HER-2 shRNA pDNA treatment alone could not suppress tumor growth, but HER-2 siRNA and HER-2 shRNA pDNA with PTX treatment significantly suppressed tumor growth on day 7, 9 and 11, and day 9, 11 and 13, respectively, compared with PTX treatment alone (Figs. 7A and 8A) . The median survival time with HER-2 siRNA combined treatment (31.5 days) was slightly longer than with HER-2 siRNA (28.5 days) or PTX (30.0 days) alone (Fig. 7B) . The median survival time with HER-2 shRNA pDNA combined treatment (42.5 days) largely extended than that of the HER-2 shRNA pDNA (32.0 days) or PTX (35.0 days) alone (Fig. 8B) . Transfection with siRNA, shRNA pDNA, PTX injection (5 mg/kg) alone, or their combinations did not alter the change in body weight during 3 weeks of treatment (data not shown). These data suggested that combination therapy of PTX with HER-2 siRNA or HER-2 shRNA pDNA was more effective than that of PTX with trastuzumab.
Discussion
Previously, we reported that NP-delivered HER-2 siRNA suppressed HER-2 expression, but insufficiently inhibited KB tumor growth (20) . In this study, we investigated the anti- tumor effect of NP transfection of HER-2 shRNA pDNA compared with HER-2 siRNA into KB cells and tumor xenografts. Furthermore, we examined their combination therapy with PTX. The intracellular localization of HER-2 siRNA and HER-2 shRNA pDNA after transfection is crucial for its successful function. A difference in time of the antitumor effect between HER-2 siRNA and HER-2 shRNA pDNA was slightly observed (Fig. 3) . In combination therapy with PTX, HER-2 shRNA pDNA exhibited marked extension of mean survival days compared with HER-2 siRNA (Figs. 7B and 8B ). HER-2 siRNA can quickly trigger specific degradation of HER-2 mRNA after transfection into cytoplasm. On the other hand, HER-2 shRNA pDNA must be transferred into the nucleus for the HER-2 shRNA expression. It can therefore suppress the expression of HER-2 mRNA for a long period by sustained transcription of HER-2 shRNA from pDNA. This might be one of the reasons why the combination of HER-2 shRNA pDNA and PTX treatment extended the mean survival days.
Trastuzumab is widely used as a standard therapy for patients with HER-2-overexpressing metastatic breast cancer with clear evidence of clinical efficacy as a single agent or in combination with chemotherapeutic agents (29) . It has also been reported that trastuzumab enhances the antitumor activity of PTX and doxorubicin against HER-2-overexpressing human breast cancer xenografts (27) ; however, in our results, trastuzumab was not effective for KB culture cells (data not shown) and KB tumor xenografts as a single agent. Moreover, trastuzumab did not increase the sensitivity in combination with PTX (Fig. 6 ) like HER-2 siRNA and HER-2 shRNA pDNA pretreatment (Figs. 7A and 8A ). This finding correspond well with the result that 60-70% metastatic patients with HER-2-positive tumors appear intrinsically resistant to trastuzumab as a sole therapy (30, 31) . Furthermore, trastuzumab alone or in combination with docetaxel or PTX was not effective in clinical trials for HER-2-positive prostate tumors (32, 33) . A cell line developed from a patient resistant to trastuzumab treatment was found to maintain high levels of HER-2 expression without identifiable mutations (34) . These findings might explain why trastuzumab was not effective for KB tumor xenografts. In this study, combination therapy with HER-2 siRNA or HER-2 shRNA pDNA increased the inhibitory effect of PTX and mean survival days in KB tumor xenografts, suggesting that HER-2 RNAi therapy might be effective for trastuzumab-resistant cells in combination with chemotherapy.
In our study, the mechanism of the enhanced antitumor effect for chemotherapy by HER-2 suppression remains unclear. We speculated that HER-2 suppression contributed to the reduction of antiapoptotic signaling and then increased the sensitivity to chemotherapy. As another mechanism, PTX increased the liposome-delivered transfection efficiency by inhibiting targeting endosomes to lysosomes (35, 36) . We confirmed that PTX treatment increased 2-fold in gene expression by NP in KB cells (data not shown). Therefore, using the combined lipid-mediated transfection of genes with PTX might be a powerful technique due to the effect of enhanced gene therapy. Combination therapy has the potential to reduce the side effects of PTX.
In conclusion, we demonstrated the potential of HER-2 siRNA and HER-2 shRNA pDNA to increase the sensitivity of PTX in HER-2-positive KB cells and tumor xenografts using NP delivery. Suppression of HER-2 expression significantly inhibited cell growth and induced caspase 3/7 activity in KB cells. Thus, the combination of HER-2 siRNA and PTX may serve as a novel tool for gene therapy with fewer adverse effects.
